Abstract. cartilage stem/progenitor cells (cSPcs) are a novel stem cell population and function as promising therapeutic candidates for cell-based cartilage repair. Until now, numerous existing research materials have been obtained from humans, horses, cows and other mammals, but rarely from sheep. In the present study, cSPcs with potential applications in repairing tissue damage and cell-based therapy were isolated from 45-day-old Small-tailed Han Sheep embryos, and examined at the cellular and molecular level. The expression level of characteristic surface markers of the fetal sheep CSPCs were also evaluated by immunofluorescence, reverse transcription-polymerase chain reaction analysis and flow cytometric assays. Biological growth curves were drawn in accordance with cell numbers. Additionally, karyotype analysis showed no marked differences in the in vitro cultured cSPcs and they were genetically stable among different passages. The cSPcs were also capable of adipogenic, osteogenic and chondrogenic lineage progression under the appropriate induction medium in vitro. Together, these findings provide a theoretical basis and experimental evidence for cellular transplant therapy in tissue engineering.
Introduction
Osteoarthritis (OA), a degenerative joint disease, can give rise to articular cartilage loss, bone sclerosis, osteophyte formation and synovial inflammation (1, 2) . As the target tissue of OA, articular cartilage, which is characterized by >90% surrounding matrix, <10% progenitor/stem cells in cell volume and an avascular structure, has low potential in the tissue repair and regenerative process (3) . The articular cartilage consists of surface, middle and deep zones, with the articular surface is crucial in regulating the appositional growth of the tissue (4). As previously described (5), ulcerated cartilage, when destroyed, is never recovered. Expanding on this, stem cell research has led to substantial advances in cell therapy and tissue regeneration (6) (7) (8) (9) . Embryonic stem cells, adult stem cells and induced pluripotent stem cells have all been used for cartilage reconstruction in vitro (10) (11) (12) (13) (14) (15) . Similarly, cartilage stem/progenitor cells (cSPcs) exist extensively within human, equine, bovine and chicken articular cartilage. Initially stated in 2003, Barbero et al reported that human articular chondrocytes enhanced cartilage repair capacity (16) . In 2004, the existence of multipotential mesenchymal progenitor cells derived from human articular cartilage was identified by virtue of the expression of the cell surface markers (cd105 and cd166) (17) . In 2007, isolated stem cells, which existed in the superficial region of bovine articular cartilage, were determined by fluorescent cell sorting and immunoblot assays (18) . Worthley et al also stated that bone and cartilage can develop from a dedicated and committed postnatal progenitor population (19) .
To date, numerous references to the use of cSPcs in investigations have been reported, however, the growth mechanisms and functions of articular cartilage remain to be elucidated. Several problems remain unresolved for cSPcs, including origin, efficient isolation method, lack of definitive surface markers, and application potential. The present study aimed to isolate a population of progenitor cells from the surface zone of fetal sheep articular cartilage, and examine their biological characteristics with regard to growth kinetics, karyotype, immunophenotype, specific markers and differentiation potential.
Materials and methods
Experimental animals. The 45-day-old fetal sheep embryos (12 in total, 6 males and 6 females) were provided by the chinese Academy of Agricultural Sciences farm. All animal procedures in the present study were approved by the CSPC isolation and culture. The method of cSPc isolation was as previously described (20, 21) . All procedures were performed under sterile conditions. Fresh joints were exposed and mechanically peeled off from the articular cartilages of the fetal sheep, and were washed six times with phosphate-buffered saline (PBS). The samples were diced and the enzymatic digestion reaction was performed with 0.2% collagenase II for 2 h at 37˚C. When filtered through a 70-µm nylon cell strainer, the cell suspension was transferred into 15-ml conical centrifuge tubes and centrifuged at 200 x g for 8 min at room temperature. Subsequently, the cell pellet was gently resuspended in growth medium [dMEM/F12, 10% (v/v) FBS, 2 mM L-glutamine and 10 4 IU/ml penicillin/streptomycin] and seeded in Petri dishes, which were coated with 10 µg/ml fibronectin, at 5x10 4 /cm 2 (22) . At ~24 h post-seeding at 37˚C/5% cO 2 , the supernatants were collected into a new cell culture dish to remove other cells. On reaching 80-90% confluence, the separated and purified CSPCs were disaggregated using 0.25% Trypsin-EdTA at a ratio of 1:1 to further expansion.
Cell population dynamics assay. For the growth kinetics assay of cSPcs, the adherent cells (1.0x10 4 /well) at passages 5, 15 and 25 were trypsinized, and then collected into a 24-well plate. Subsequently, the cells from three randomly selected wells were counted each day for 7 days. Growth curves were drawn in accordance with the mean cell numbers, and the population doubling time (PdT) was calculated based on the following formula: PdT = (t -t 0 ) lg2/(lgN t -lgN 0 ), where t 0 is the starting time of culture; t is the time of culture termination; N 0 is the initial cell number in the culture; N t is the ultimate cell number in the culture.
Karyotype analysis. chromosome spreads of the cSPcs were processed as previously described (23, 24) . Briefly, following the addition of the 0.1 µg/ml colcemid for 4 h, the 2x10 6 cells were dissociated with 0.25% trypsin-EdTA when they reached 80-90% confluence, and then treated with 0.075 M KCL. After 30 min at 37˚C, the CSPCs were fixed with methanol/glacial acetic acid (3:1) and metaphase chromosome spreads were observed under BX41 light microscope (magnification, x1,000; Olympus, Tokyo, Japan) using Giemsa staining.
Immunofluorescent detection. cells from passage six that had reached ~60-70% confluence, were processed by use of paraformaldehyde fixation. Following extensive washing with cold PBS, 0.2% Triton X-100 was used for the experiments, and the samples were transferred to PBS containing 10% (v/v) normal goat serum (BIOSS, Beijing, China) for 30 min. Following incubation with the primary antibodies for 1 h, the appropriate FITc-labeled goat anti rabbit IgG antibodies (1:100; BIOSS) were subsequently used for incubation of the cells for 1 h in the dark. All experimental procedures mentioned above were performed at room temperature. The primary antibodies used in the present study were as follows: Rabbit anti-CD29 (cat. no. bs-20631R; 1:100), rabbit anti-CD166 (cat. no. bs-1251R; 1:100), rabbit anti-collagen type I (cat. no. bs-7158R; 1:100), rabbit anti-fibroblast growth factor receptor 3 (FGFR3; cat. no. bs-1301R; 1:100) and rabbit anti-SRY-Box 9 (SOX9; cat. no. bs-4177R; 1:100), all purchased from BIOSS. Finally, the cells were thoroughly counterstained with 1 µg/ml dAPI and visualized with a Nikon TE-2000-E confocal microscope (magnification, x200; Nikon corporation, Tokyo, Japan).
RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR) assays.
A 2-µg sample of total RNA, which was isolated from the cultured cSPcs (P5, P15 and P25) and differentiation-induced cells with TRIzol reagent (Ambion; Thermo Fisher Scientific, Inc., Waltham, MA, USA), was subjected to RT-PcR analysis as previously described. The extracted RNA was reverse transcribed to cdNA using an RNA PCR kit (version 3.0; Takara Bio, Inc., Otsu, Japan). The PcR analysis was performed using the PcR Master Mix kit (Takara Bio, Inc.) in a 20-µl mixture containing 1 µl template cdNA, 0.5 µl each of forward and reverse primers, 8 µl ddH 2 O and 10 µl 2X PcR Mix. A thermal cycler was programmed for 35 cycles as follows: 1 cycle at 94˚C for 5 min; 35 cycles including a denaturation step at 94˚C for 30 sec, annealing step at 50-60˚C for 30 sec and elongation step at 72˚C for 30 sec; final single cycle at 72˚C for 8 min. Subsequently, the product sizes were assessed by the application of 2.5% agarose gel electrophoresis. The specific primers sequences are indicated in Table I , which were designed by NCBI Primer-BLAST software (Primer3 and Blast; https://www.ncbi.nlm.nih. gov/tools/primer-blast/) (25) . RT-quantitative PcR (RT-qPcR) was performed using the SYBR ® Premix Ex Taq™ II kit (Takara Bio, Inc.) on an Applied Biosystems QuantStudio™ 6 Flex thermocycler (Thermo Fisher Scientific, Inc.), and the relative gene expression was normalized to GAPdH expression, and was calculated using the 2 -ΔΔcq relative quantification method (26) . Statistical analysis of each group included three independent samples and the intergroup difference was analyzed via Student's t-test (27) .
Flow cytometric analysis. Flow cytometry was used to positively identify the CSPCs. Briefly, cells of P6 in the logarithmic phase were collected into the FAcS tubes and processed with cold 70% ethanol fixation at 4˚C overnight. Subsequently, 1% BSA (cat. no. A7030; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) in PBS was added to block nonspecific reacting. The expression levels of specific markers of the culture-expanded cells were evaluated by incubation with fluorescence-conjugated rabbit anti-CD29, rabbit anti-cd166, rabbit anti-collagen type I, rabbit anti-FGFR3, rabbit anti-SOX9 monoclonal antibodies at 1:100 at room temperature for 1 h using flow cytometry.
In vitro differentiation of CSPCs. For the assessment of differentiation potential, the present study aimed to determine whether the cSPcs of the fetal sheep were able to differentiate into adipogenic, osteogenic or chondrogenic lineages. To examine adipogenic differentiation potential, the cSPcs (P4) were incubated under adipogenic induction conditions comprising dMEM/F12 supplemented with 10% FBS, 1 mM dexamethasone, 0.5 mM IBMX, 10 mg/ml insulin and 60 mM indomethacin. Following one week, adipogenic differentiation was evaluated using intracellular lipid accumulation by Oil Red O staining solution for 30 min at room temperature. To identify the osteogenic differentiation potential, the cells were cultured under osteogenic induction conditions, which comprised 10% FBS, 0.5 mM dexamethasone, 50 µg/ml vitamin c and 10 mM β-glycerophosphate. Subsequent to two weeks, the osteogenic differentiation potential was determined by the calcium salt deposition by Alizarin Red staining solution for 30 min at room temperature. chondrogenic differentiation was processed in 2-d monolayer cultures and in pellet mass cultures under chondrogenic induction (cId) conditions. cSPcs (P4) in 2-d monolayer cultures were treated with 5% FBS, 1% insulin-transferrin-selenium, 50 µg/ml L-proline, 0.1 µM dexamethasone, 0.9 mM sodium pyruvate, 50 µg/ml vitamin c and 10 ng/ml transforming growth factor-β3 for 21 days. The differentiation induction medium was refreshed twice weekly. For the pellet mass cultures, the cells were resuspended and transferred to 1.5 ml conical polypropylene tubes. The samples, which consisted of 2.5x10 5 cells in chondrogenic medium, were centrifuged at 200 x g for 5 min at room temperature to form a pellet. Following induction for 21 days, the pellets were fixed and then embedded into paraffin wax. Subsequently, the samples were subjected to histochemical Alcian Blue and Toluidine Blue staining. The normal goat serum (BIOSS) was used to block nonspecific reactions. The samples were then stained with rabbit anti-collagen type I (cat. no. bs-7158R; 1:100; BIOSS) and rabbit anti-collagen type II (cat. no. bs-10589R; 1:100; BIOSS) overnight at 4˚C, respectively. The subsequent day, the sections were treated with FITc-conjugated goat anti-rabbit antibody (cat. no. ZF-0311; 1:100; OriGene Technologies, Inc., Rockville, Md, USA) for 1 h at room temperature and were then processed using 1 µg/ml dAPI for nuclear staining. Finally, the differentiation capacities of the induced cells were visualized by confocal microscopy and RT-PcR analysis, respectively. RNA samples of cSPcs prior to differentiation were included as negative control groups.
Statistical analysis. All data are presented as the mean ± standard deviation, and an unpaired two-tailed t-test was used to determine differences between two groups (for example, induction, vs. control). All statistical analyses were performed using GraphPad Prism 7.0 software (GraphPad Software, Inc., La Jolla, cA, USA).
Results

Morphology, proliferation and karyotype analyses of CSPCs.
The freshly isolated primary cells were observed to adhere to the fibronectin-coated 6-well culture plates under the inverted microscope by use of differential adhesion (Fig. 1Aa) . Following initial seeding, the cSPcs continued to proliferate Table I . Primer sequences used in reverse transcription-polymerase chain reaction assays. rapidly and formed colonies. After 5 days, the colonies were expanded gradually in a monolayer culture (Fig. 1Ab) . The passaged cells at P1, P2, P3, P5, P9, P13, P23, P25 and P28 grew rapidly, and the morphological structure of the cells was long fusiform or polygonal (Fig. 1Ac-k) . The cells were passaged every 2 days to P32, following which the majority of cells exhibited cell senescence (Fig. 1Al) . The growth curves of the cSPc cultures at different passages (P5, P15 and P25), as shown in Fig. 1B , were all typically sigmoidal in shape, indicating similar proliferative potential. The PdTs were determined as 39.45, 42.35 and 45.72 h for the cells at P5, P15 and P25, respectively. Karyotype analysis was used for analyzing the reproducibly diploid cSPc cell line (Fig. 1c) . The results confirmed the frequencies of cells in P5, P15 and P25 with 2n=54 were 94.4, 93.8 and 91.6%, respectively, indicating no cross contamination.
Detection of stem cell markers.
The surface antigen expression was assessed using RT-PcR analysis. Similar to human CSPCs, the CSPCs of the fetal sheep were positive for specific marker genes integrin β1 (ITGB1), activated leukocyte cell adhesion molecule (ALcAM), FGFR3, collagen type I α2 (COL1A2) and SOX9 ( Fig. 2A and B) . The analysis of CSPCs for FGFR3 and SOX9 by immunofluorescence was consistent with the results mentioned above (Fig. 3) . Additionally, the expression of markers cd29, cd166 and cOL1A2 was verified by immunohistochemical staining analysis under the confocal microscope (Fig. 3) .
FACS analysis.
Using FAcS analysis, the majority of cSPcs (>90%) expressed high levels of the above-mentioned surface markers in the viable cell population (Fig. 4A-G) , which was in accordance with the phenotype of human cSPcs.
Differentiation of CSPCs
Adipogenic differentiation. For adipogenic differentiation, the cSPcs were plated and precultured at confluence in complete culture medium, followed by exposure to adipogenic medium for 7 days, at which time larger droplets were generated (Fig. 5A) . Positive Oil Red O staining revealed time-dependent increases in the size and number of lipid droplets (Fig. 5B and c) . The cells were cultured for an additional 7 days, and RNA isolation of the induced cells was performed to examine the expression of adipocyte-specific genes peroxisome proliferator-activated receptor-γ (PPAR-γ) and lipoprotein lipase (LPL) during adipogenesis of the cSPcs by RT-qPcR analysis ( Fig. 5d and E) .
Osteogenic differentiation. The cSPcs were found to be capable of osteogenic differentiation. Following induction in osteogenic differentiation medium for 7 days, the morphology of the cSPcs was altered and mineralization appeared (Fig. 6A) . As the time increased, the nodules increased in size and number. Following incubation in osteogenic medium for 2 weeks, Alizarin Red staining was used to reveal the formation of mineralized bone nodules (Fig. 6B and C) . The expression of osteopontin (OPN) and cOLL1 were detected in the induced cells by RT-qPcR analysis ( Fig. 6d and E) .
Chondrogenic differentiation. The induced cSPcs in 2-d monolayer cultures were incubated for 21 days using chondrogenesis medium and exhibited a notable blue color . chondrogenic differentiation of cSPcs in 3-d monolayer cultures. Expression levels of (A-H) collagen type I and (I-P) collagen type II were analyzed by immunofluorescence staining. E-H (magnification, x400): View fields that zoom in from Fig. A-D (magnification, x100) , respectively; M-P (magnification, x400): View fields that zoom in from Fig. I-L (magnification, x100) , respectively. Scale bar=50 µm.
following staining by Alcian Blue (Fig. 7A-C) . The total RNA of the induced cells was isolated and RT-qPcR analysis was performed. The specific genes detected were unchanged, with the exception of FGFR3 (Fig. 7d and E) . The induced cSPcs in 3-d monolayer cultures were smooth and iridescent in appearance, and stained positively for Toluidine Blue (Fig. 8A ) and Alcian Blue (Fig. 8B) . Immunohistochemistry revealed positive labeling for type I (Fig. 9A-H ) and type II ( Fig. 9I-P) collagen.
Discussion
The multipotency of stem cell populations, together with their self-renewal ability, proliferation and nontumorigenicity characteristics, in the culture process make them promising candidate cells for cell-based therapies and tissue engineering applications (28) (29) (30) (31) . In the present study, cSPcs were successfully isolated from the articular cartilages of fetal sheep with a fibronectin adhesion assay. The results showed that the biological characteristics of the newly isolated stem cells were stable. Chondrocytes and certain fibroblasts were present together, however, the cell type was homogeneous through purification for 2-3 passages. Due to the high activity of stem cells from younger embryos, 45-day-old Small-tailed Han sheep embryos were selected for experimental materials. Therefore, the cSPcs were cultured successfully in vitro and maintained high activity for at least 32 passages. The cSPc growth dynamics were detected by drawing of a growth curve. Growth curves are a conventional method to detect cell growth rhythm, which has been widely used. The results showed that the growth curve had a typical 'S' shape and had a normal population doubling time. Karyotype analysis is an important method for distinguishing normal cells from variants. The cSPcs cultured in the present study were all normal diploid cells and the genetic properties of the cells remained stable during the sequential passaging.
At present, CSPCs have not been well defined due to a lack of stable markers for tracing their lineage. Quintin et al stated that isolated cells were capable of multilineage differentiation from human fetal femurs at weeks 14-16 of embryogenesis (32) . Wu et al used microdissection to identify different subpopulations of cartilage-forming cells in human embryonic limb buds. In the latter study, two cell subpopulations present at weeks 5-6 were of particular interest: cd166 low/-cd73 + cd146 low/-cells, with the capacity to undergo multilineage differentiation, including chondrogenesis; and cd166 low/-cd73 + cd146 low/-LIN -cd44 low cells, which were able to undergo chondrogenesis only (33) . In the present study, the distribution of cell surface markers of the fetal sheep cSPcs was verified, including positivity for collagen I, collagen II and relevant markers, though the use of immunofluorescence and RT-PcR analysis. The expression rate of the fetal sheep cSPcs was also detected by FAcS analysis.
There is increasing interest in investigations associated with the multilineage differentiation potentiality of stem cells. In vitro, under the action of specific inducing factors, the expression of certain key genes in the signaling pathway associated with stem cell differentiation can change (34, 35) . In the present study, fetal sheep cSPcs were successfully induced to differentiate into chondrogenic, osteogenic and adipogenic lineages. In addition, the expression of type I collagen and type II collagen In cSPc pellets under cId were consistent with the results reported by Mccarthy et al (34) and Williams et al (36, 37) , suggesting that cSPcs retained their normal phenotype characteristics in 3-d monolayer cultures. cSPcs may be crucial in investigations targeting cartilage repair in human and veterinary medicine following extended expansion. Therefore, further investigations are required with regard to using these cells for future studies and therapy.
In conclusion, a Small-tailed Han sheep embryo cSPc line was successfully established in the present study. cell morphology, surface markers and biological characteristics were observed and detected. In addition, the multipotency of CSPCs was confirmed, with cells having the ability to be induced to differentiate into chondrocytes, adipocytes and osteoblasts. These findings suggested that CSPCs may be superior cells in producing cartilage capable of functional repair. 
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